Flavonol bisglycosides accumulate in plant vegetative tissues in response to abiotic stress, including simultaneous environmental perturbations (i.e. nitrogen deficiency and low temperature, NDLT), but disappear with recovery from NDLT. Previously, we determined that a recombinant Arabidopsis b-glucosidase (BGLU), BGLU15, hydrolyzes flavonol 3-O-b-glucoside-7-O-a-rhamnosides and flavonol 3-O-b-glucosides, forming flavonol 7-O-a-rhamnosides and flavonol aglycones, respectively. In this study, the transient expression of a BGLU15-Cherry fusion protein in onion epidermal cells demonstrated that BGLU15 was localized to the apoplast. Analysis of BGLU15 T-DNA insertional inactivation lines (bglu15-1 and bglu15-2) revealed negligible levels of BGLU15 transcripts, whereas its paralogs BGLU12 and BGLU16 were expressed in wild-type and bglu15 plants. The recombinant BGLU16 did not hydrolyze quercetin 3-O-b-glucoside-7-O-a-rhamnoside or rhamnosylated flavonols, but was active with the synthetic substrate, p-nitrophenyl-b-D-glucoside. In addition, shoots of both bglu15 mutants contained negligible flavonol 3-O-b-glucoside-7-Oa-rhamnoside hydrolase activity, whereas this activity increased by 223% within 2 d of NDLT recovery in wildtype plants. The levels of flavonol 3-O-b-glucoside-7-O-arhamnosides and quercetin 3-O-b-glucoside were high and relatively unchanged in shoots of bglu15 mutants during recovery from NDLT, whereas rapid losses were apparent in wild-type shoots. Moreover, losses of two flavonol 3-Ob-neohesperidoside-7-O-a-rhamnosides and kaempferol 3-O-a-rhamnoside-7-O-a-rhamnoside were evident during recovery from NDLT, regardless of whether BGLU15 was present. A spike in a kaempferol 7-O-a-rhamnoside occurred with stress recovery, regardless of germplasm, suggesting a contribution from hydrolysis of kaempferol 3-O-b-neohesperidoside-7-O-a-rhamnosides and/or kaempferol 3-O-arhamnoside-7-O-a-rhamnoside by hitherto unknown mechanisms. Thus, BGLU15 is essential for catabolism of flavonol 3-O-b-glucoside-7-O-a-rhamnosides and flavonol 3-O-b-glucosides in Arabidopsis.
Introduction
Flavonol bisglycosides are plant secondary metabolites with many proposed physiological roles in planta, including antioxidant activity (Agati et al. 2012) , inhibition of the polar movement of IAA and regulation of its conjugation and degradation (Yin et al. 2014 , Kuhn et al. 2016 , and as communication signals with insects (Onkokesung et al. 2014 ). As many as 17 different flavonol bisglycosides exist in the model plant Arabidopsis, and organ-specific accumulation patterns are evident in seeds, leaves, roots, stems and flowers (Yonekura-Sakakibara et al. 2008 , Stracke et al. 2010 , Saito et al. 2013 . In Arabidopsis vegetative tissues, flavonol bisglycoside concentrations are elevated in response to high light intensity as well as UV light, nitrogen deficiency and low temperature , Hectors et al. 2014 , Roepke and Bozzo 2015 . Flavonol bisglycosides that accumulate with these abiotic stresses include: kaempferol-and quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside; kaempferoland quercetin 3-O-b-glucoside-7-O-a-rhamnoside (K3G7R and Q3G7R, respectively); and kaempferol-and quercetin 3-O-b-rutinoside-7-O-a-rhamnosides. HPLC-mass spectrometry (MS) analysis of Arabidopsis tissue extracts has annotated molecular masses associated with these aforementioned flavonol 3-O-b-rutinoside-7-O-a-rhamnosides as kaempferol 3-O-bneohesperidoside-7-O-a-rhamnoside and quercetin 3-O-b-neohesperidoside-7-O-a-rhamnoside, respectively (Ringli et al. 2008 , Yonekura-Sakakibara et al. 2008 , Nakabayashi et al. 2014 , Roepke and Bozzo, 2015 . Bisglycosides of kaempferol and quercetin are derived from the phenylpropanoid pathway and many of the regulatory and biosynthetic genes are co-ordinately induced with abiotic stress, including the enzymes required for their conjugation to sugar moieties (Lillo et al. 2008 , Peng et al. 2008 , Stracke et al. 2010 , Neugart et al. 2016 . Arabidopsis flavonol bisglycosides are produced by successive glycosylation steps. The aglycones are first modified by a glycosyltransferase, UGT78D2, rendering a flavonol 3-O-b-glucoside product; alternatively, UGT78D1-mediated rhamnosylation of these aglycones yields flavonol 3-O-a-rhamnosides (Jones et al. 2003 , Tohge et al. 2005 . Subsequently, these flavonol 3-O-glycosides are rhamnosylated at the 7-O-position by UGT89C1 (Yonekura-Sakakibara et al. 2007) , yielding flavonol bisglycosides. Flavonol 3-O-b-neohesperidoside-7-O-a-rhamnoside biosynthesis requires hitherto unknown rhamnosyltransferases that sequentially conjugate rhamnose to the 2 00 -O-position of either kaempferol 3-O-b-glucoside or quercetin 3-O-b-glucoside and their 7-O positions, respectively. This abiotic stress-induced accumulation of flavonol bisglycosides is most probably associated with their antioxidant properties and capacity to minimize damage from reactive oxygen species (e.g. H 2 O 2 ) (Agati et al. 2012 , Majer et al. 2014 , Nakabayashi et al. 2014 ; reactive oxygen species tend to increase and are subsequently sequestered in plant tissues during the acclimation to non-freezing low temperatures (Theocharis et al. 2012) , as well as in nitrogen-deprived Arabidopsis roots (Shin et al. 2005) .
Flavonol glycoside losses are evident during post-harvest storage and processing of plant tissues (Dietrych-Szostak and Oleszek 1999 , DuPont et al. 2000 , Takahama and Hirota 2000 . In addition, flavonol glycoside losses occur in tomato following the supply of nitrate to nitrogen-deficient soils, which coincides with the decreased expression of flavonol biosynthetic genes (Larbat et al. 2012) . Similarly, flavonol bisglycoside concentrations are elevated in vegetative tissues of Arabidopsis plants during simultaneous exposure to nitrogen deficiency and low temperature (NDLT); however, a 57-83% loss in the flavonol bisglycoside levels occurs 5 d after the transfer of these stressed plants to nitrogen sufficiency and high temperature (NSHT; Roepke and Bozzo 2015) . Disappearance of flavonol glycosides in senescing onion bulbs is associated with increased b-glucosidase (BGLU) activity (Takahama and Hirota 2000) ; in Arabidopsis, BGLUs belong to glycoside hydrolase family 1, which consists of 48 members (Xu et al. 2004 , Ketudat Cairns et al. 2015 . A recent survey identified an Arabidopsis clade, subfamily 2 (BGLU12-17), with phylogenetic similarity to flavonoid-utilizing BGLUs from legumes (Roepke and Bozzo 2015) , including an isoflavone conjugate BGLU that is targeted to the apoplast in soybean roots (Suzuki et al. 2006) . Proteomic analyses indicate that Arabidopsis BGLU15 is secreted into the extracellular space (Borderies et al. 2003 , Kwon et al. 2005 , Bayer et al. 2006 ; however, to date, this subcellular localization has not been verified.
In Arabidopsis, the subfamily 2 BGLU clade is phylogenetically distinct from other glycoside hydrolase family 1 BGLUs, such as myrosinases (i.e. BGLU34-39), ABA glucoside hydrolases (e.g. BGLU18), scopolin hydrolases (i.e. BGLU21-23), monolignol glucoside hydrolases (i.e. BGLU45-46) and acylglucose-dependent flavonol glucosyltransferase (i.e. BGLU6) Bozzo 2015, Ishihara et al. 2016) . Spikes in the levels of BGLU12, BGLU15 and BGLU16 transcripts and Q3G7R hydrolysis activity coincide with the rapid loss of flavonol bisglycosides during recovery from NDLT (Roepke and Bozzo 2015) . In vitro biochemical analysis revealed that the recombinant Arabidopsis BGLU15 prefers the b-linked 3-O-glucoside from flavonol 3-O-b-glucoside-7-O-a-rhamnosides and flavonol 3-O-b-glucosides over other glycosides (Roepke and Bozzo 2015) . As other Arabidopsis-derived flavonol bisglycosides (e.g. flavonol 3-O-b-neohesperidoside-7-O-a-rhamnosides) were not tested in the previous study, it is unclear whether BGLU15 is involved in their hydrolysis. Moreover, it
is not yet known whether BGLU15 is functionally important for catabolism of flavonol bisglycosides, specifically flavonol 3-O-bglucoside-7-O-a-rhamnosides, during recovery from abiotic stress. Due to the promiscuous biochemical nature of some plant BGLUs and functional redundancy of glycoconjugate metabolism, a biochemical analysis of gene knockout lines is tantamount to determining the biological importance of this class of enzymes (Ketudat Cairns et al. 2015) .
Here, a transient plant expression system was used to determine whether BGLU15 is targeted to the apoplast. In addition, two separate T-DNA inactivation lines of BGLU15 were used to test the hypothesis that BGLU15 is essential for the catabolism of flavonol 3-O-b-glucoside-7-O-a-rhamnosides during recovery from abiotic stress in Arabidopsis. Quantitative reverse transcription-PCR (RT-qPCR) was used to evaluate the expression of BGLU15 and its paralogs BGLU12 and BGLU16 in the T-DNA mutants. HPLC-diode array detection (DAD)-based assays were used to determine whether the recombinant mature BGLU16 hydrolyzes flavonol glycosides. In addition, Q3G7R-dependent BGLU assays were performed to determine the impact of BGLU15 gene inactivation on this extractable hydrolase activity as a function of recovery period. Finally, UHPLC-DAD-MS n (ultra high-performance liquid chromatography-DAD-tandem mass spectrometry) was used to assess the functional importance of BGLU15 for the catabolism of flavonol 3-O-b-glucoside-7-O-a-rhamnosides, as well as other flavonol bisglycosides, including flavonol 3-O-b-neohesperidoside-7-O-a-rhamnosides and flavonol 3-O-a-rhamnoside-7-O-a-rhamnosides.
Results

Subcellular localization of BGLU15
Over the past decade, a number of proteomic studies have shown that BGLU15 is localized to the extracellular space/apoplast, as it is associated with the cell wall in Arabidopsis suspension cells and mature stem tissues (Borderies et al. 2003 , Kwon et al. 2005 , Bayer et al. 2006 , Minic et al. 2007 ). In addition, bioinformatics analyses of the in silico translation of the full-length BGLU15 sequence with publicly available subcellular prediction programs suggest that the protein is targeted to the secretory pathway (Xu et al. 2004, Roepke and Bozzo 2015) . To confirm the subcellular distribution of BGLU15, we appended the Cherry fluorescent protein to the C-terminus of BGLU15, since an N-terminal fusion would probably interfere with its predicted secretory signal sequence. The resulting BGLU15-Cherry fusion protein was then transiently expressed (via biolistic bombardment) in onion epidermal peel cells, serving as a well-characterized plant cell system for studying protein localization (Scott et al. 1999 , Collings et al. 2013 . As shown in Fig.  1A , confocal fluorescence microscopy revealed that BGLU15-Cherry was localized to the periphery of the cell and was clearly distinct from the co-expressed green fluorescent protein (GFP) in the cytosol, suggesting that BGLU15 is localized to the extracellular space/apoplast. Consistent with this premise, the localization of BGLU15-Cherry was not altered when a cotransformed cell was plasmolyzed with 0.8 M mannitol, i.e. BGLU15-Cherry remained localized to the periphery of the plasmolyzed cell, whereas the fluorescence attributable to the GFP in the cytosol was internalized due to the plasma membrane pulling away from the cell wall (Fig. 1B) .
Genomic analysis of BGLU15 T-DNA insertional inactivation lines
In order to determine if BGLU15 is functionally relevant for catabolism of flavonol 3-O-b-glucoside-7-O-a-rhamnosides and related bisglycosides, changes in this hydrolase activity and flavonol concentrations were monitored in Arabidopsis plants harboring a mutated BGLU15 gene (At2g44450) as a function of the recovery period. For this, two separate Arabidopsis T-DNA insertion lines were identified in the SALK collection, specifically SALK_049848C and SALK_095129 (Alonso et al. 2003) , and herein designated as bglu15-1 and bglu15-2, respectively ( Fig. 2A) . Sequencing of PCR-amplified products confirmed that the bglu15-1 has a T-DNA insertion in intron 3 at nucleotide 687 of BGLU15; for bglu15-2, insertion is in exon 7 at nucleotide 1,343 of BGLU15 (Fig. 2B) . No PCR products were obtained when genomic DNA from either bglu15-1 or bglu15-2 was incubated with primers designed to amplify 1,015 and 1,129 bp portions of BGLU15, respectively; however, these primers amplified the expected gene product when wild-type (WT) genomic DNA was used in the PCR.
Analysis of growth in wild-type and bglu15 plants during abiotic stress recovery Anthocyanin accumulates in Arabidopsis plants subjected to low soil nitrogen and/or low temperatures , Misyura et al. 2013 , and this metabolic phenomenon is associated with purple surface coloration of shoots (Stewart et al. 2001) . In general, purple tinging was apparent on the leaf surface of plants sampled at the end of the NDLT stress period (day 0 of the stress recovery period; Fig. 3A ). For the most part, this purple coloration disappeared by day 2 of the NDLT recovery period in both WT and bglu15 plants. Plant growth tends to be restricted under low temperatures (Ruelland et al. 2009 ). In addition, a hallmark response to limiting soil nutrients, including nitrogen, is the accumulation of root biomass at the expense of the shoots (Marschner et al. 1996) . In our study, we monitored whole plant growth and the percentage of the plant fresh matter represented by the root at the end of the NDLT Fig. 1 Localization of BGLU15 to the extracellular space/apoplast of onion epidermal cells. Onion epidermal peels were co-bombarded with plasmid DNA encoding BGLU15-Cherry and GFP, which served as a cytosolic marker protein. Peels were then incubated for approximately 16 h and either (A) visualized using confocal fluorescence or differential interference microscopy (DIC) or (B) plasmolyzed with 0.8 M mannitol prior to viewing. Shown also are the corresponding merged images. Boxes in (A) and (B) represent the portion of the cells shown at higher magnification in the insets; solid arrowheads indicate the localization of BGLU15-Cherry to the cell wall/apoplast, while open arrowheads indicate the localization of GFP to the cytosol. Note in (A) that the fluorescence patterns attributable to BGLU15-Cherry and GFP are closely appressed, but do not overlap; whereas in (B) they are clearly distinct due to the detachment of the plasma membrane from the cell wall during plasmolysis. Scale bars = 100 mm. stress period and during the recovery therefrom ( Fig. 3B-E) . Growth was retarded 20-30% by the end of the NDLT stress period (day 0 of recovery) as compared with plants subjected to continual NSHT, regardless of the presence of BGLU15 (Fig. 3B, C) . In all lines investigated in this study, plant growth resumed following the transfer of NDLT-stressed plants to NSHT conditions. In addition, the percentage of total fresh matter represented by roots decreased 13-34% by day 5 of the recovery period relative to plants sampled on day 0; moreover, by the end of the NDLT recovery period, this ratio was equivalent to the more stable proportions apparent in plants left under continual NSHT (Fig. 3D, E) . On the whole, there was no effect of the BGLU15 mutation on vegetative plant growth under both abiotic stress and non-stress conditions.
Transcript profiling of bglu15 T-DNA knockout plants
An analysis of publicly available Arabidopsis microarray data indicates that BGLU15 is highly expressed in developing seeds and mature pollen ( Supplementary Fig. S1 ). From these data, it is also evident that BGLU15 expression is evident in roots and shoots of vegetative rosette stage plants; in shoots, transcript levels for the phylogenetically similar genes BGLU12 and BGLU16 were 2% and 240%, respectively, of the levels apparent for BGLU15 ( Supplementary Fig. S2 ). In our study, RT-qPCR analysis of two independent time course experiments revealed a 280-330% spike in BGLU15 transcripts within shoots (i.e. leaves and compressed stem) of Arabidopsis by day 1 of the recovery from NDLT ( Supplementary Fig. S3 ). BGLU15 transcripts levels in roots were not altered during the NDLT recovery period. Thereafter, shoots were used to test the impact of insertional inactivation of the BGLU15 gene (At2g44450) on transcript abundance during NDLT recovery. RT-qPCR analysis revealed that BGLU15 transcript levels were essentially undetectable in shoots of both bglu15 mutants as a function of the recovery period (Fig. 4A) ; in addition, transcripts were minimal or undetectable in plants cultivated under continuous NSHT conditions (Fig. 4B) . In contrast, a transient 2.3-fold accumulation in BGLU15 transcript levels was apparent in WT plants by day 1 of the recovery. BGLU16 transcript levels were transiently increased up to 60% by day 1 of the NDLT recovery period relative to the control treatment, regardless of whether BGLU15 was present. Thereafter, transcript levels were maintained and generally were higher than in plants continuously cultivated under NSHT. With respect to BGLU12, transcript levels tended to fluctuate during the NDLT recovery period and were 64-122% higher than in plants continuously cultivated under NSHT; these increases occurred at different stages of the recovery period for the three lines investigated in this study. On the whole, transcript levels corresponding to BGLU16 in shoots of WT plants were approximately three times and two orders of magnitude greater than those of BGLU15 and BGLU12, respectively. In summary, the RT-qPCR analysis revealed bglu15-1 and bglu15-2 lines as knockouts for BGLU15 and not its paralog genes.
Biochemical characterization of BGLU16
The high expression of BGLU16 in Arabidopsis shoots prompted us to investigate the biochemical properties of this BGLU15 paralog, in order to determine whether it can utilize Table 1) for primer sequences. PCR analysis revealed the amplification of a fragment consisting of T-DNA in both bglu15-1 and bglu15-2 when a primer 3 0 of the T-DNA insert and the Salk-LBb1.3 primer were used. As a positive control, a BGLU15-specific fragment (1,045 and 1,179 bp, for reactions containing At-s1-5 0 /At-s1-3 0 and At-s2-5 0 /Ats2-3 0 , respectively) was evident in the presence of WT genomic DNA. In contrast, PCR analysis of bglu15-1 and bglu15-2 in the presence of these gene-specific primers confirmed the absence of a fragment corresponding to At2g44450. No DNA represents PCR analysis performed in the absence of genomic DNA to confirm primer pairs did not yield a non-specific amplicon. PCR product size (bp) is indicated below each band. Plants were maintained under 0 mM nitrate at 10 C (NDLT) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT) for 5 d. (A) Representative WT and bglu15 mutant plants sampled at days 0, 1 and 2 of recovery from NDLT. On each day, plants were removed from soil followed by rinsing of roots with water to remove remaining soil particles and then quickly blot dried. Plants were positioned so that the bottom of the rosette (abaxial leaf surface) and roots are visible for the majority of the plants. Scale bars = 2 cm. Inset boxes in (A) represent a higher magnification of leaf tissue corresponding to plants sampled at day 0 of the recovery from NDLT; these images display purple tinging of the leaf surface for both WT and bglu15 mutant Arabidopsis plants. For visualization of growth parameters, the total fresh matter (B) and the percentage of the total plant fresh matter represented by the root (D) of WT and bglu15 mutant Arabidopsis plants during recovery from NDLT are provided, and compared, respectively, with plants continuously cultivated under NSHT (C and E). For plots (B) and (D), the grayshaded region of the time course prior to day 0 of the recovery period represents a portion of the 7 d NDLT stress exposure period. WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles). flavonol bisglycosides. Conversely, biochemical properties of BGLU12 were not explored here as the RT-qPCR analysis revealed that its transcripts were dramatically less abundant than those of BGLU15 and BGLU16 ( Fig. 4; Supplementary Fig. S2 ). The recombinant thioredoxin-hexahistidine-tagged mature BGLU16 was expressed in Escherichia coli Origami 2 (DE3) cells and purified using an immobilized metal affinity chromatography (IMAC) column. Protein was eluted from the IMAC as two major peaks, although not well resolved from each other ( Supplementary Fig. S4 ). Separate fractions from the eluate were analyzed by SDS-PAGE and the corresponding immunoblots were probed with a hexahistidine antibody. Only fraction 7 revealed a homogenous preparation containing a single band of 73.9 kDa (Fig. 5A) , which was free of immunoreactive degradation products (Fig. 5B) . The purification strategy yielded 4 ± 1.7 mg (mean ± SE of three separate enzyme preparations) of the recombinant thioredoxin-hexahistidine-tagged mature BGLU16 from 6 liters of bacterial culture. The activity varied ). For each experimental replicate (pool of five plants), RT-qPCRs were performed in triplicate. For BGLU15, data represent the mean ± SE of three separate experiments; for BGLU12 and BGLU16, the majority of the data represent the mean ± SD of two separate experiments; symbols denoted by an asterisk represent data for a representative experiment. For all plots in (A), the gray-shaded region of the time course prior to day 0 of the recovery period represents a portion of the 7 d NDLT stress exposure period WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles).
NDLT recovery
with assay pH and was optimal at pH 5.5 ( Supplementary Fig.  S5 ). To assess substrate utilization by BGLU16, hydrolysis activity was monitored at a fixed substrate concentration (500 mM) (Fig. 5C ). BGLU16 hydrolyzed the synthetic substrate p-nitrophenyl-b-D-glucoside. However, activity was also shown for quercetin 3-O-b-glucoside, albeit that this was 94% lower by comparison. BGLU16 did not hydrolyze all other quercetin monoglycosides and the bisglycoside Q3G7R. Kaempferol 3-O-b-glucoside and the coumarin glucoside esculin were also used by the enzyme, albeit at dramatically lower rates relative to p-nitrophenyl-b-D-glucoside and quercetin 3-O-b-glucoside.
Flavonol 3-O-b-glucoside-7-O-a-rhamnoside BGLU activity in cell-free shoot extracts during abiotic stress recovery
In order to determine whether BGLU15 is functionally important for flavonol 3-O-b-glucoside-7-O-a-rhamnoside BGLU activity in Arabidopsis, desalted cell-free enzyme extracts were prepared from shoots collected from bglu15-1, bglu15-2 and WT plants sampled during NDLT recovery, and assayed for Q3G7R hydrolysis by HPLC-DAD analysis (Roepke and Bozzo 2015) . Q3G7R BGLU activity was elevated 223% in shoots of WT plants 2 d after their transfer from NDLT to NSHT conditions (Fig. 6A) ; the extractable activity was relatively stable for plants left under continual NSHT conditions for the same time period (Fig. 6B) . Conversely, this activity was negligible in both bglu15-1 and bglu15-2 lines, regardless of treatment and recovery period. Q3G7R BGLU activity detected in these mutants was never higher than 6% of the activity detected in WT shoots.
UHPLC-DAD-MS
n analysis of flavonol bisglycosides, flavonol monoglycosides and sinapate conjugates in shoots during abiotic stress recovery UHPLC-DAD-MS n analysis was used to identify whether flavonol bisglycosides are catabolized in Arabidopsis bglu15 mutants (Fig. 7) . Six major flavonol bisglycosides occur in Arabidopsis leaves under UV light stress (Hectors et al. 2014) ; these are K3G7R, Q3G7R, kaempferol 3-O-b-neohesperidoside-7-O-arhamnoside, quercetin 3-O-b-neohesperidoside-7-O-a-rhamnoside, kaempferol 3-O-a-rhamnoside-7-O-a-rhamnoside and quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside. Similarly, levels of these bisglycosides accumulate in whole plants in response to NDLT, but are rapidly depleted during the recovery from this combined abiotic stress (Roepke and Bozzo 2015) ; shoot-specific changes in these metabolites were monitored in this study. It is worth mentioning that quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside was not detected in shoots of all Arabidopsis lines analyzed in this study. Analysis of flavonol bisglycoside concentrations as a function of recovery from NDLT revealed that shoot concentrations of K3G7R and Q3G7R remained elevated in the bglu15-1 and bglu15-2 plants over the 5 d period (Fig. 7A) . In contrast, dramatic losses of these flavonol 3-O-b-glucoside-7-O-a-rhamnosides were apparent in WT plants following the transfer of NDLTacclimated plants to NSHT; on average, K3G7R and Q3G7R , respectively. The average daily losses of other NDLT-inducible flavonol bisglycosides (Olsen et al. 2009, Roepke and Bozzo 2015) , such as kaempferol 3-O-b-neohesperidoside-7-O-a-rhamnoside, quercetin 3-O-b-neohesperidoside-7-O-a-rhamnoside and kaempferol 3-O-a-rhamnoside-7-O-a-rhamnoside were of the order of 7.9-18.2% d -1 in bglu15-1 and bglu15-2 shoots following the transfer of NDLT-acclimated plants to NSHT. These phenomena were similar to those observed for WT plants. Moreover, flavonol bisglycoside levels in plants subjected to continuous NSHT were lower and unchanged in both WT and bglu15 plants (Fig. 7B) .
In addition to monitoring changes in flavonol bisglycoside concentrations, UHPLC-DAD-MS n analysis was used to determine the impact of the absence of BGLU15 activity on flavonol monoglycoside concentrations, including the respective catabolites of K3G7R and Q3G7R, kaempferol 7-O-a-rhamnoside and quercetin 7-O-a-rhamnoside (Fig. 8) . On the whole, flavonol monoglycoside levels were two orders of magnitude lower than those observed for flavonol bisglycosides. Although quercetin 3-O-b-glucoside levels in Arabidopsis shoots were relatively lower, losses of the order of 13.5% d -1 were apparent in WT shoots. Conversely, quercetin 3-O-b-glucoside concentrations remained elevated throughout the 5 d recovery period in bglu15-1 and bglu15-2 plants. With respect to other detected monoglycosides, kaempferol 3-O-a-rhamnoside concentrations decreased with recovery time, regardless of germplasm. In WT plants, a transient 63% increase in kaempferol 7-O-a-rhamnoside concentration was evident by the second day of recovery; a similar change was apparent in bglu15-2 plants, although a smaller spike in this catabolite was observed for bglu15-1 during the same period. No quercetin 7-O-a-rhamnoside, kaempferol 3-O-b-glucoside or flavonol aglycones were detected in these rosette stage shoots, although their authentic standards were detectable with UHPLC-DAD-MS n .
The UHPLC-DAD-MS n analysis of the methanolic extracts described here identified three additional compounds, with an MS molecular ion and MS 2 fragmentation pattern uncharacteristic of flavonols. These were identified as three sinapate esters: sinapoyl-(S)-malate; 1-O-sinapoyl-b-glucoside/4 0 -O-sinapate-bglucoside; and 1,2-bis-O-sinapoyl-b-glucoside ( Table 2) . Sinapoyl-(S)-malate levels were stable for all plants, regardless of treatment (Fig. 9) . In contrast, levels of 1-O-sinapoyl-b-glucoside/4 0 -O-sinapate-b-glucoside and 1,2-bis-O-sinapoyl-b-glucoside within shoots were higher on day 0 of the recovery than in plants grown under continuous NSHT. In WT plants, 1-Osinapoyl-b-glucoside/4 0 -O-sinapate-b-glucoside decreased 12.2% d -1 on average, and similar losses were evident in shoots of both bglu15 mutants. Additionally, an average disappearance rate of 11.2% d -1 was evident for 1,2-bis-Osinapoyl-b-glucoside during the recovery period; similar losses were evidenced in both bglu15 mutants. Levels for all three sinapate esters were stable when plants were continuously cultivated under NSHT.
Discussion
Flavonol bisglycosides levels in plant tissues are enhanced by low temperature environments (Schulz et al. 2015) , and further increases occur when combined with limiting nitrogen (Olsen et al. 2009, Roepke and Bozzo 2015) . However, flavonol bisglycoside losses occur after nitrogen repletion and return to 21 C for 5 d; their disappearance is associated with a spike in extractable Q3G7R hydrolase activity (Roepke and Bozzo 2015) . Our previous research established that this loss was associated with a transient increase in BGLU15 transcripts in whole plants. Here, shoots and roots of rosette stage plants were separated to determine if changes in BGLU15 transcript levels during recovery from NDLT occur in photosynthetic and non-photosynthetic A B Fig. 6 Q3G7R hydrolysis activity in cell-free enzyme extracts of WT and bglu15 mutant Arabidopsis shoots during recovery from NDLT (A) and continuous cultivation under NSHT (B). Plants were maintained under 0 mM nitrate at 10 C (NDLT; represented as the gray-shaded portion of the time course prior to day 0 of recovery) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT; represented as the non-shaded portion of the time course) for 5 d. Q3G7R hydrolysis rates reflect the amount of product formed following 6 h incubation with Arabidopsis cell-free extracts as described in the Materials and Methods. The hydrolysis rates are expressed as pmol quercetin equivalents mg protein -1 min -1 . Data represent the mean ± SE of three experimental replicates. For the plot in (A), the gray-shaded region of the time course prior to day 0 of the recovery period represents a portion of the 7 d NDLT stress exposure period. WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles).
organs. RT-qPCR analysis revealed that the inducible change in BGLU15 transcript abundance during the recovery from NDLT was specific to shoots ( Supplementary Fig. S3 ). In WT shoots, BGLU15 expression was lower than that of BGLU16, although dramatically higher than that of BGLU12 (Fig. 4) , and the relative differences were consistent with publicly available microarray data for rosette stage Arabidopsis plants ( Supplementary Fig. S2 ). Furthermore, only BGLU15 transcripts were absent in shoots of bglu15 plants, whereas transcript profiles of BGLU12 and BGLU16 were similar in WT and Table 2 ). Data represent the mean ± SE of three experimental replicates. For all plots in (A), the gray-shaded region of the time course prior to day 0 of the recovery period represents a portion of the 7 d NDLT stress exposure period. WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles).
bglu15 shoots, including small increases in response to abiotic stress recovery. The up-regulation of the BGLU15 paralogs is consistent with previous research on whole plants (Roepke and Bozzo 2015) , suggesting that both BGLU12 and BGLU16 are mainly induced in shoots during NDLT recovery. Organspecific expression of stress-inducible genes is not without precedent, as Arabidopsis leaves and roots share <0.5% of co-expressed genes in response to cold, salinity and osmotic stress (Kreps et al. 2002) .
The high transcript abundance of BGLU16 in Arabidopsis shoots, as well as the induction in response to the recovery from NDLT prompted the biochemical characterization of the recombinant thioredoxin-hexahistidine-tagged mature protein. A general feature of plant BGLUs belonging to GH family 1 is their capacity to hydrolyze the synthetic substrate p-nitrophenyl-b-D-glucoside (Escamilla-Treviño et al. , Andersson et al. 2009 , Roepke and Bozzo 2015 , although it is not hydrolyzed by Arabidopsis scopolin BGLUs and a soybean isoflavone conjugate hydrolase (Suzuki et al. 2006 , Ahn et al. 2010 . Similarly, the recombinant BGLU16 hydrolyzed pnitrophenyl-b-D-glucoside (Fig. 5) , and the activity was comparable with that of BGLU15 (Roepke and Bozzo 2015) . Conversely, BGLU16 did not hydrolyze most flavonol glycosides, including a representative flavonol 3-O-b-glucoside-7-O-arhamnoside, Q3G7R, which is a preferred substrate of BGLU15 (Roepke and Bozzo 2015) . Although flavonol A B Fig. 8 Changes in flavonol monoglycoside concentrations in WT and bglu15 mutant Arabidopsis shoots during recovery from NDLT (A) and continuous cultivation under NSHT (B). Plants were maintained under 0 mM nitrate at 10 C (NDLT; represented as the gray-shaded portion of the time course prior to day 0) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT; represented as the non-shaded portion of the time course) for 5 d. Acidified methanol extracts were analyzed with UHPLC-DAD-MS n and individual flavonol monoglycosides were quantified based on the intensity of the parent ion (m/z), expressed as quercetin 3-O-b-glucoside equivalents and corrected for the amount of fresh matter (FM) used for extraction. Quercetin 3-O-b-glucoside and kaempferol 7-O-a-rhamnoside were identified via co-chromatography with authentic standards. Kaempferol 3-O-a-rhamnoside was annotated based on its MS n fragmentation pattern (see Table 2 ). The data represent the mean ± SE from three separate experimental replicates. For all plots in (A), the gray-shaded area of the time course prior to day 0 of the recovery period represents a portion of the 7 d NDLT stress exposure period. WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles).
bisrhamnosides were not tested in our study, their utilization by BGLU16 is highly unlikely as no activity was evident in assays containing rhamnosylated flavonols, such as quercetin 3-O-arhamnoside, quercetin 7-O-a-rhamnoside or rutin. To date, a flavonol rhamnoside-specific a-rhamnosidase has not been described for plants, but we postulate that such an enzyme should hydrolyze flavonol monorhamnosides and their related metabolites to varying degrees, as has been described for a bacterial a-rhamnosidase (Miake et al., 2000) . It is worth mentioning that quercetin 3-O-b-glucoside was utilized, albeit to a smaller degree than p-nitrophenyl-b-D-glucoside. The lack of specificity for physiologically relevant substrates by BGLU16 relative to BGLU15 mirrors what is known for methyl jasmonate-inducible BGLUs from Medicago truncatula; MtG1 is specific for isoflavone glucosides, whereas MtG2 is a non-specific hydrolase (Naoumkina et al. 2007 ). The possibility remains that BGLU16 utilizes other non-flavonol-type molecules that are NDLT stress inducible and lost with stress recovery. In all Arabidopsis lines analyzed in this study, sinapoyl-glucose ester concentrations rapidly declined in shoots following the transition from NDLT to NSHT; these levels were markedly lower in plants cultivated under continuous NSHT conditions (Fig. 9) . Taken together, these results imply that sinapate esters accumulate in photosynthetic organs with NDLT stress. Similarly, sinapoyl-glucoside conjugates increase in crucifer leaves with nitrogen deficiency (Feyissa et al. 2009 ) and in response to cold temperatures (Solecka et al. 1999 ). The loss of 1-O-sinapoyl-b-glucoside/4 0 -O-sinapate-b-glucoside and 1,2-bis-O-sinapoyl-b-glucoside in both bglu15 mutants suggests that BGLU15 is not involved in their catabolism. In addition, the rapid loss of purple coloration on the leaf surface of all Arabidopsis lines investigated in this study (Fig. 3A) implies that anthocyanin degradation is not dependent upon the presence of BGLU15 activity. It is worth mentioning that a sinapoylated anthocyanin, cyanidin
accumulates with NDLT and disappears during the recovery therefrom ). It is likely that other BGLUs are involved in the catabolism of sinapate esters and anthocyanins, including BGLU16. Unfortunately, these physiologically relevant substrates are not commercially available.
The immediate biological or physiological role of BGLUs is difficult to assess with T-DNA knockout plants as these plants tend to lack a growth-related phenotype under non-stress conditions (Chapelle et al. 2012 , Xu et al. 2012 , Miyahara et al. 2013 . However, when the plants are challenged by abiotic or biotic stress, effects on growth and/or altered metabolic profiles tend to occur (Sherameti et al. 2008 , Xu et al. 2012 , Miyahara et al. 2013 ). In our study, there was no impact of the BGLU15 mutation on growth of rosette stage plants, including during the recovery from NDLT (Fig. 3) , although metabolite profiles were affected (Figs. 7, 8) . Specifically, bglu15 mutants challenged with dual abiotic stresses contained similarly high levels of the flavonol bisglycosides, regardless of the nature of conjugation, at the end of the stress period (day 0 of recovery; Fig. 7A) ; levels for the five bisglycoside species were dramatically lower and stable under continuous NSHT. Moreover, in either case, concentrations for these metabolites on day 0 of the recovery were similar to those in WT shoots. However, upon recovery from NDLT, flavonol 3-O-b-glucoside-7-O-a-rhamnoside levels remained elevated and unchanged in the bglu15 mutants, but decreased in the WT shoots. The lack of flavonol 3-O-b-glucoside-7-O-arhamnoside catabolism in BGLU15 insertional inactivation mutants is in agreement with previous research demonstrating that recombinant BGLU15 prefers K3G7R and Q3G7R over other flavonol conjugates (Roepke and Bozzo 2015) . Similarly, very little recombinant BGLU15 activity was detected in the presence of quercetin 3-O-b-rutinoside or quercetin 3-O-a-rhamnoside; natural bisglycoside derivatives were not tested. UHPLC-DAD-MS n analysis of bglu15 mutants revealed a rapid loss of both flavonol 3-O-b-neohesperidoside-7-O-a-rhamnosides and kaempferol 3-O-a-rhamnoside-7-O-a-rhamnoside, which was consistent with the trend observed in WT shoots. Quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside accumulates in whole plants under NDLT stress (Olsen et al. 2009, Roepke and Bozzo 2015) and in UV-stressed leaves (Hectors et al. 2014) . Quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside was not detected in NDLT-stressed shoots of all lines analyzed in this study. Together, these findings suggest that this bisglycoside occurs in roots under NDLT. This is consistent with the presence of quercetin 3-O-a-rhamnoside-7-O-a-rhamnoside in roots, stems and inflorescences of non-stressed Arabidopsis plants, and its absence in leaves (Yonekura-Sakakibara et al. 2008) . On the whole, it appears that BGLU15 is functionally relevant for the catabolism of K3G7R and Q3G7R in Arabidopsis, but not other stress-inducible bisglycosides. Fig. 9 Changes in sinapate ester concentrations in WT and bglu15 mutant Arabidopsis shoots during recovery from NDLT (A) and continuous cultivation under NSHT (B). Plants were maintained under 0 mM nitrate at 10 C (NDLT; represented as the gray-shaded portion of the time course prior to day 0) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT; represented as the nonshaded portion of the time course) for 5 d. Acidified methanol extracts were analyzed with UHPLC-DAD-MS n and individual sinapate esters were quantified based on the intensity of the parent ion (m/z) expressed as quercetin 3-O-b-glucoside equivalents and corrected for the amount of fresh matter (FM) used for extraction. Sinapate esters were tentatively annotated based on their MS n fragmentation pattern (see Table 2 ). The data represents the mean ± SE from three separate experimental time courses. For all plots in (A), the gray-shaded area of the time course prior to day 0 represents a portion of the 7 d NDLT stress exposure period. WT (filled squares); bglu15-1 (open circles); bglu15-2 (filled circles).
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Flavonol 3-O-glycosides predominate in floral tissues and seeds (Yonekura-Sakakibara et al. 2008 , Routaboul et al. 2012 ; however, in this study, metabolite profiling via UHPLC-DAD-MS n revealed low levels of these compounds within methanolic shoot extracts. At the beginning of the recovery period, kaempferol 3-O-a-rhamnoside and quercetin 3-O-bglucoside concentrations were dramatically higher than those detected in shoots subjected to continuous NSHT, regardless of the presence of BGLU15 (Fig. 8) . In addition, losses for both of these metabolites were apparent in WT plants during recovery. Together, these metabolic changes are indicative of an impact of NDLT stress. In contrast, the levels of quercetin 3-O-b-glucoside remained elevated in the bglu15 mutants, and losses in kaempferol 3-O-a-rhamnoside occurred despite the insertional inactivation of the BGLU15 gene. Although levels of quercetin 3-O-b-glucoside are two orders of magnitude lower than their flavonol bisglycoside counterparts, it is apparent that this compound is a physiological substrate for BGLU15. Flavonol 3-O-b-glucosides are known to accumulate in leaves when UDP-rhamnose biosynthesis and rhamnosylation of the 7-hydroxy position are impaired (Ringli et al. 2008 , Kuhn et al. 2016 ). The flavonol 3-O-b-glucosides are most probably metabolite precursors of the flavonol 3-O-b-glucoside-7-O-arhamnosides.
Kaempferol 7-O-a-rhamnoside and quercetin 7-O-a-rhamnoside are rare flavonol glycosides, with the former occurring in sea buckthorn berries, Cinnamomum osmophloem Kanehira twigs, Hibiscus cannabinus L. leaves and Bryophyllum pinnatum Lamarck (Chen et al. 2007 , Chua et al. 2008 , Rho et al. 2011 , Tatsimo et al. 2012 ). Very little is known about flavonol 7-O-arhamnoside metabolism; however, biochemical analyses indicate that flavonol 7-O-a-rhamnosides are formed from flavonol 3-O-b-glucoside-7-O-a-rhamnosides in assays containing either cell-free Arabidopsis extracts or recombinant BGLU15 (Roepke and Bozzo 2015) . Here, a transient spike in kaempferol 7-O-arhamnoside concentrations was evident in WT shoots sampled during the recovery. Kaempferol 7-O-a-rhamnoside was not eliminated in bglu15 mutants, suggesting that it could also be a catabolite of kaempferol 3-O-b-neohesperidoside-7-O-arhamnoside and/or kaempferol 3-O-a-rhamnoside-7-O-arhamnoside as both were lost following the transition of NDLT-acclimated plants to NSHT. Quercetin 7-O-a-rhamnoside is described for Hypericum japonicum and field-grown Arabidopsis (Ishiguro et al. 1991 , Nakabayashi et al. 2009 ). However, the concentration of quercetin 7-O-a-rhamnoside in Arabidopsis is very low (150 mg kg -1 ) relative to most other flavonols (Nakabayashi et al. 2009 ). Although quercetin 7-O-arhamnoside was undetected in methanolic extracts analyzed here, previous in vitro biochemical evidence indicates that it too is a catabolic product of BGLU15-mediated hydrolysis of Q3G7R (Roepke and Bozzo 2015) . Moreover, the flavonol 7-Orhamnosyltransferase UGT89C1 prefers flavonol 3-O-b-glucosides as substrates, whereas their aglycones are minimally used (Yonekura-Sakakibara et al. 2007) . Similarly, ugt78d1/ugt78d2 double mutants impaired in flavonol 3-O-glycoside biosynthesis do not accumulate flavonol 7-O-a-rhamnosides (Yin et al. 2012) . The transient increase in kaempferol 7-O-a-rhamnoside levels and the lack of quercetin 7-O-a-rhamnoside accumulation imply that flavonol 7-O-a-rhamnosides are rapidly catabolized. It is possible that a hitherto unknown a-rhamnosidase cleaves flavonol 7-O-a-rhamnosides, forming their aglycones, but kaempferol and quercetin were not detected here. Thus, the metabolic fate of these flavonol 7-O-a-rhamnosides remains to be determined (Fig. 10) . In vitro analysis of a recombinant Arabidopsis PRN1 demonstrates that it has quercetin dioxygenase activity, as the absorption maximum for quercetin shifts from 380 to 400 nm; however, classical substrate utilization studies have not been performed for PRN1 (OrozcoNunnelly et al. 2014) . Moreover, Arabidopsis prn1 mutant seedlings accumulate more quercetin than their WT counterparts following exposure to UV-C (Orozco-Nunnelly et al. 2014), although the biological role of this pirin with respect to abiotic stress (i.e. NDLT) recovery is unknown.
Plant BGLUs can be secreted to the extracellular space (Suzuki et al. 2006 , Ketudat-Cairns et al. 2015 . Conversely, there is also a precedent for the occurrence of ABA conjugate utilizing BGLUs in the vacuole and in so-called endoplasmic reticulum bodies (Lee et al. 2006 , Xu et al. 2012 ). Here we demonstrated an extracellular localization for BGLU15 based on transient expression of a BGLU15-Cherry fusion protein in onion epidermal cells (Fig. 1) . These findings confirm previous proteomics studies of Arabidopsis cell wall-derived proteins (Borderies et al. 2003 , Kwon et al. 2005 , Bayer et al. 2006 , Minic et al. 2007 ). Moreover, our results are consistent with the secretion of an isoflavone conjugate hydrolase to the extracellular region of soybean roots (Suzuki et al. 2006 ); this enzyme is phylogenetically related to BGLU15 at the amino acid level (Roepke and Bozzo 2015) . The subcellular localization of BGLU15 also fits with the apoplastic nature of kaempferol bisglycosides in Arabidopsis leaves (Booker et al. 2012) . The cooccurrence between secondary metabolites and their catabolic enzymes is not uncommon, as isoflavone glucosides and BGLU activity are present in intercellular wash fluids prepared from white lupin roots (Piślewska et al. 2002) . To date, it is not known whether kaempferol-and/or quercetin bisglycosides accumulate in the apoplast with NDLT stress. Taken together, the results imply that catabolism of flavonol 3-O-b-glucoside-7-Oa-rhamnosides is initiated in the apoplast.
Overall, it is apparent that physiologically BGLU15 is involved in the catabolism of flavonol 3-O-b-glucoside-7-O-arhamnosides and flavonol 3-O-b-glucosides, but not other flavonol bisglycosides (e.g. kaempferol 3-O-a-rhamnoside-7-Oa-rhamnoside) or flavonol monoglycosides (e.g. kaempferol 7-O-a-rhamnoside). The degradation of these compounds would require the initial action of hitherto unknown a-rhamnosidases (Fig. 10) . Although there was no impact of the BGLU15 mutation on renewed growth of vegetative rosettes with the removal of abiotic stress, the possibility remains that flavonol 3-O-bglucoside-7-O-a-rhamnoside catabolism by BGLU15 is critical for growth and development of mature plants. Kaempferol 3-Oa-rhamnoside-7-O-a-rhamnoside accumulation in an ugt78d2 mutant has been linked to a reduction in stem polar IAA transport and a stunted phenotype (Yin et al. 2014) . Additionally, flavonol deficiency occurs in Arabidopsis plants lacking various flavonol biosynthesis transcription factors, including WRKY23 or MAX1; these mutations are associated with an increase in the synthesis of IAA transporters, the polar transport of IAA and axillary bud outgrowth (Lazar and Goodman 2006, Grunewald et al. 2012) . Although the presence of flavonol bisglycosides is associated with altered IAA transport, it is unknown whether flavonol bisglycoside catabolism, including BGLU15, is required to prevent this biological phenomenon.
Materials and Methods
Biochemical reagents
Q3G7R and K3G7R were prepared from quercetin 3-O-b-glucoside and kaempferol 3-O-b-glucoside, respectively, by biocatalysis as described previously Bozzo 2013, Roepke and Bozzo 2015) . Kaempferol 3-O-b-glucoside, naringenin 7-O-b-glucoside and quercetin 3-O-b-glucoside were purchased from Extrasynthese. Kaempferol, quercetin and quercetin 7-O-arhamnoside were from Indofine Chemical Company. In addition, authentic kaempferol 7-O-a-rhamnoside and quercetin 7-O-a-rhamnoside standards were purified from respective K3G7R and Q3G7R hydrolysis assays following incubation with BGLU15 as described previously (Roepke and Bozzo 2015) . Unless mentioned elsewhere, all other materials were from SigmaAldrich.
Transient expression and microscopy of Cherry-tagged BGLU15 in onion epidermal cells
In order to visualize the subcellular location of BGLU15 in a transient expression plant cell system, we generated a BGLU15-Cherry fusion protein. Briefly, the full-length open reading frame of the Arabidopsis BGLU15 sequence minus the termination codon was synthesized de novo with Acc65I and NheI restriction sites and inserted into a pUC57 vector (Biomatik Corporation). The pUC57-BGLU15 construct was digested with Acc65I and NheI, and then ligated into corresponding sites of pRTL2-Cherry (Gidda et al. 2011) , yielding BGLU15 fused at its C-terminus to the Cherry fluorescent protein. The preparation of the pRTL2/mGFP-MCS, encoding a monomerized version of GFP, was as described previously (Shockey et al. 2006) , and used in this study as a cytosolic marker for the transient expression system.
For subcellular localization analysis of fluorescent fusion proteins, onion (Allium cepa L.) epidermal cells were prepared and transiently transformed essentially as described previously (McCartney et al. 2004) , with the following modifications. Briefly, an epidermal cell peel was removed from the inner side of the scale of an onion bulb and layered onto a Murashige and Skoog (MS) plate prepared with half-strength MS salts (Caisson Laboratories Inc.) and containing 30 g l -1 sucrose, 20 g l -1 agar, and adjusted to a final pH of 5.7 with 1 M KOH. For transient expression analysis, tungsten particles were coated with up to 5 mg of each plasmid DNA prior to the biolistic bombardment of onion cells with a biolistic particle delivery system-1000/HE (Bio-Rad Laboratories). Thereafter, plates containing bombarded cells were sealed with parafilm, and incubated at 22 C under darkness for approximately 16 h. For plasmolysis, onion cells were incubated in full-strength liquid MS medium containing 0.8 M mannitol for 15 min. Peels were subsequently mounted onto glass slides without a cover slip, and fluorescence signals were analyzed using a Leica DM RBE microscope with a TCS SP2 confocal scanning head. GFP and Cherry were excited with a 488 and 543 nm laser, respectively, and emission fluorescence signals were collected (sequentially) at 500-540 nm for GFP and 590-640 nm for Cherry; no detectable crossover occurred at these settings used for data collection. Plants were grown to the rosette stage as described previously (Roepke and Bozzo 2015) , with the following modifications. Briefly, WT and both bglu15 T-DNA mutant lines were separately sown (eight plants per cell pack); for each line, 32 cell packs were sown. The cell packs were randomly distributed amongst 12 trays prior to the NDLT stress period (six cell packs per tray; 100 ml cell -1 ); each tray contained two cell packs each of WT, bglu15-1 and bglu15-2 plants, and these were co-cultivated under NSHT (14 mM nitrate, 21 C) conditions. On the 29th day after sowing, half of these trays containing all three lines were transferred to NDLT (0 mM nitrate, 10 C) conditions while the remaining plants were cultivated under NSHT. On the 36th day after sowing, the NDLT-treated plants were transferred to NSHT for 5 d. Control plants were maintained continuously under NSHT. For each time course experiment, plants were removed from soil at the ninth hour of the photoperiod on days 0, 1, 2, 3, 4 and 5 of NDLT recovery, and shoots (i.e. leaves and compressed stem) were immediately separated from roots. The bulk soil was immediately removed by hand and the roots were washed with water to remove residual soil and debris. The separated shoot and root materials were flash frozen under liquid N 2 , and pulverized with a mortar and pestle prior to storage at -80 C for future RNA, enzyme and metabolite analyses.
Genomic DNA isolation and T-DNA insertion analysis
At2g44450 mutants (Salk_049848C, bglu15-1; Salk_095129, bglu15-2) were identified in the Salk Arabidopsis (ecotype Col-0) T-DNA insertion collection (Alonso et al. 2003) . Homozygous mutants were confirmed by PCR using gene-specific primers located 5 0 and 3 0 of the T-DNA insertion (At-s1-5 0 and At-s1-3 0 for bglu15-1; At-s2-5 0 and At-s2-3 0 for bglu15-2) and the T-DNA-specific primer SalkLBb1.3. As a positive control, PCR was also performed with gene-specific primers only in the presence of genomic DNA from WT Col-0 plants. Primer sequences are provided in Table 1 . Genomic DNA was isolated from leaves of WT (control), bglu15-1 and bglu15-2 plants as previously described (Montiel et al., 2011) , and was used as a template (800 ng) for PCR. PCRs with Platinum Õ Taq DNA Polymerase High Fidelity (Life Technologies) were incubated at 94 C for 5 min, followed by 30 cycles of: 94 C for 45 s; 56 C for 30 s; 68 C for 90 s; and finally 68 C for 10 min. PCR products were separated on a 1% (w/v) agarose gel and gel-purified PCR products were subcloned into pGEM-T Easy (Promega Corporation). Plasmids were purified by standard procedures (Sambrook et al. 1989) , and the T-DNA insertion site was confirmed by sequencing the amplicon from mutant homozygotes.
RT-qPCR analysis of BGLU15 and the paralogs BGLU12 and BGLU16 RNA was isolated from frozen pulverized shoot and root tissues, and cDNA was prepared and analyzed by RT-qPCR with high efficiency gene-specific primer pairs as described previously (Roepke and Bozzo 2015) , with the following modifications. A 2 ml aliquot representing a 5-fold dilution of the cDNA was used as a template for RT-qPCR. The transcript abundances of BGLU15 and the phylogenetically related genes, BGLU12 and BGLU16, were compared with the Arabidopsis gene (Arabidopsis GI, At5g60390) encoding elongation factor-a (ELF-). For each experiment, all treatment replicates were assayed in triplicate.
Metabolite extraction and UHPLC-DAD-MS n
Frozen pulverized shoot tissue (100 mg) was methanol extracted and analyzed by UHPLC-DAD-MS n [Dionex UltiMate 3000 UHPLC (Thermo Scientific) connected to a Bruker AmaZon SL MS n ] essentially as described previously (Roepke and Bozzo 2015) . Flavonol bisglycosides, flavonol monoglycosides and sinapate esters from the UHPLC-DAD-MS n analysis were identified with MS parent and fragment ion patterns and/or co-chromatography with authentic standards ( Table 2) . For quantification purposes, absorbance of flavonol bisglycosides at 360 nm was compared with a linear range of a co-chromatographed quercetin 3-O-b-glucoside standard; the signal intensity of the molecular ion for flavonol monoglycosides and sinapate esters was compared with the molecular ion of an authentic quercetin 3-O-b-glucoside standard. Authentic sinapate conjugate standards were unavailable.
Cloning, expression and purification of a recombinant thioredoxin-hexahistidine-tagged BGLU16
Bioinformatic analysis of the BGLU16 coding sequence with web-based tools (i.e. SignalP; www.cbs.dtu.dk/services/signalP/) predicted a 21 amino acid signal sequence, which is within the range of signal sequence lengths predicted for other plant BGLUs belonging to glycoside hydrolase family 1, including BGLU15 (Xu et al. 2004, Roepke and Bozzo 2015) . In order to yield a mature protein fused to an N-terminal hexahistdine tag, we used a cloning strategy comparable with that described for the recombinant BGLU15. To this end, the nucleotide sequence corresponding to the mature BGLU16 (Á22BGLU16) was PCR-amplified with 5 0 NcoI and 3 0 SacI restriction enzyme sites from cDNA (Riken stock No. RAFL05-18-I15, RIKEN Plant Science Center) using forward (5 0 -CAAGCATT CCACAAGGCCTAGA-3 0 ) and reverse (5 0 -TTAAATAACAGCCACCTGCTC-3 0 ) primers. The amplification product was cloned into pGEM-T (Promega Corporation) using standard molecular biology techniques (Sambrook et al. 1989 ). The pGEM-T-Á22BGLU16 construct was digested with NcoI and SacI, and ligated into compatible sites of pET-32b (EMD Millipore). All constructs were confirmed by comprehensive automated DNA sequencing.
The pET-32b-Á22BGLU16 construct was transformed into E. coli Origami 2 (DE3) competent cells (EMD Millipore) and cultured in Luria-Bertani broth (6 liters) containing 50 mg ml -1 kanamycin, 50 mg ml -1 ampicillin and 10 mg ml -1 tetracycline at 37 C, and shaken at 200 r.p.m. until the A 600 reached mid-logarithmic growth phase (0.4-0.6). Thereafter, isopropyl-b-D-1-thiogalactopyranoside was added at a final concentration of 0.5 mM, and cultures were incubated at 20
C for 4 h and shaken at 200 r.p.m. Cells were pelleted by centrifugation at 3,500 Â g, flash frozen in liquid N 2 and stored at -80 C for up to 1 week prior to purification. Extraction of E. coli Á22BGLU16 transformants was performed at 0-4 C. The frozen bacterial cell pellets were resuspended in 150 ml of lysis buffer, containing 50 mM NaH 2 PO 4 (pH 8.0), 30 mM imidazole, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 12 mM b-mercaptoethanol, 1% (v/v) Triton X-100, 1 Â Sigma Protease Cocktail, 0.01 mg ml -1 soybean trypsin inhibitor and 10% (v/v) glycerol. The resuspended cell material was lysed with a Fisher Scientific Model 120 Sonic Dismembrator as described previously (Roepke and Bozzo 2015) . The bacterial lysate was centrifuged at 18,300 Â g for 30 min. The supernatant was collected and re-centrifuged prior to passage through a 0.45 mm polyvinylidene fluoride filter (Millex-HV; EMD Millipore).
The filtered lysate was absorbed at 1 ml min -1 onto an IMAC column (1 ml HisTrap HP, GE Healthcare) coupled to an Ä KTA FPLC. The IMAC column was pre-equilibrated in 50 ml of Buffer A [50 mM NaH 2 PO 4 (pH 8.0), 30 mM imidazole and 500 mM NaCl]. Following absorption of the cell lysate, the column was washed until the A 280 decreased to baseline, and thereafter a linear gradient to 50 mM imidazole (10 ml) was applied. The recombinant thioredoxinhexahistidine-tagged BGLU16 was eluted from the IMAC column with a linear gradient of 50-500 mM imidazole (20 ml) and 2 ml fractions were collected. The fraction containing the homogenous BGLU16 preparation was brought to 20% (v/v) glycerol, divided into 100 ml aliquots, flash frozen in liquid N 2 and stored at -80 C until used for activity assays. Protein was estimated by dye binding (Bradford 1976 ) using bovine g-globulin as the standard. The recombinant thioredoxin-hexahistidine-tagged BGLU16 preparation was analyzed by SDS-PAGE (10% w/v acrylamide) and polyvinylidene fluoride membrane immunoblotting as described previously (Roepke and Bozzo 2015) .
b-Glucosidase (BGLU) assays
For the comparison of Q3G7R BGLU activity in cell-free extracts prepared from WT and bglu15 shoots, assays were performed as essentially as described in Roepke and Bozzo (2015) with the following modifications. Cell-free extracts were prepared from frozen pulverized shoot material. Assays of cell-free shoot extracts (95-277 mg of protein) together with 360 mM Q3G7R (in 100 ml final volume) were incubated for 6 h at 30 C, and reactions were terminated by flash freezing in liquid N 2 . After quick-thawing, reaction products were partitioned in water-saturated butanol. The butanol partitioning was repeated twice more. The pooled butanol layers were dried to residue and resuspended in 50 ml of MilliQ H 2 O : MeCN : HCO 2 H (90 : 10 : 0.1); a 10 ml aliquot was injected and analyzed by HPLC-DAD (Roepke and Bozzo 2015) .
For all recombinant BGLU16 assays, homogenous preparations of the enzyme were desalted on a PD SpinTrap G-25 column (GE Healthcare) preequilibrated with assay buffer and collected by centrifugation at 800 Â g for 2 min. Assays were prepared to a final volume of 200 ml consisting of 50 mM MES-NaOH (pH 5.5), 500 mM substrate and 0.8 mg of the recombinant mature BGLU16 protein. Assays were terminated, and reaction products collected and analyzed by HPLC-DAD as described previously (Roepke and Bozzo 2015) . Product formation was linear with respect to assay time (5-40 min) and amount of recombinant BGLU16 (0.034-1.69 mg) in the reaction. For the single substrate assays, the detection of the flavonol aglycones was performed at 360 nm, p-nitrophenol at 320 nm and phloretin at 280 nm, and all were compared with known amounts of authentic standards. For Q3G7R, product peak areas were compared with known amounts of a quercetin standard, as the molar extinction coefficient of quercetin 7-O-a-rhamnoside is unknown.
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